A variety of bile duct cannulation methods have been used in the study of biliary excretion in the rat . We now report the validation and use of one such method. In this method, the common bile duct and duodenum were cannulated, the free ends of the cannulae tunnelled through the abdominal wall, passed through a trochar and exteriorized at the ventral aspect of the tail. A purpose-designed stainless steel tai l cuff was then attach ed, to protect the cannulae from the rat. T he cannulae were passed through the top of a metabolism cage and attach ed to a dual swivel that allows the rat freedom of movement within the metabolism cage. Where necessary an additi onal cannula could be placed in the femoral vein to allow infusion of test mat erial or blood sam pling. T he results demonstrate that the method is robust and that its use allows a reliable correlation between surgically prepared and intact animals, as physiological parameters are allowed to return to normal prior to inclusion of the animals in the study. T he technique allows the anim als a great deal of freedom and, as such, is considered to minimize stress associat ed with the procedure. T his fact is re¯ected in the reliabilit y and reproducibility of the data obtain ed over the wide range of studies that have been conducted using this method. T his method has been in use for over 4 years at Inveresk and this paper describes the authors' experience with the method to date.
T he use of surgical models can provide valuable information on the absorption and metabolism of new drug candidates. Various methods have been widely used and reported for the collection of bile from rats. A useful review of techniques is contained in an article by Remie e t a l. (1991 ) . Such techniques essentially fall into two categories: those in which collection is intermittent, and in which full enterohepatic circulation (EHC ) of metabolites is therefore possible; and those where collection is continuous, in which case EHC of metaboli tes is not possible during collection. In the latter case, re-infusion of collected bile may simulate EHC (see Fig 1) .
T he earliest reported technique was performed by Sawyer and Lepkovsky (1935 ) , who describe the cannulation of the lower bile duct and total collection of bile into a glass bulb placed in the abdom inal cavity, with no re-infusion of bile or bile salts. T his method has been re®ned, most recently by Heitm eyer and Powers (1992 ) .
Vonk e t a l. (1978 ) and Bal abaud e t a l. (1981 ) reported techniques where the bile duct was cannulated, and the cannula exteriorized and connected to a swivel. Kuipers e t a l. (1985) modi®ed and further developed Vonk's technique, validating a technique that allowed interruption and restoration of the EHC in unanaesthetized rat s. Van Zyl (1959) was the ®rst to describe a dual cannulation technique that restored EHC. He used polyethylene cannulae that were exteriorized via the anim al's bac k.
Klauda e t a l. (1973 ) , Sartori and Isseroff (1975 ) , and Chipman and Cropper (1977 ) reported variations on a technique in which they used T-piece cannulae implanted into the proximal and distal part of the bile duct. Rat h and Hutchison (1989 ) modi®ed this method by exteriorizing the cannulae via a perspex housing implanted into the abdom inal wall.
Wang and Reuning (1995) undertook a comparison of two surgical techniques for the preparation of rats with chronic bile duct cannulae for the investigation of EHC. T hey found that the preferred surgical method for the return of bile into the intestine was to cannulate the gast rointestinal tract rather than the distal bile duct. T his method had better survival rates, body weight gain pro®les and mean plasm a lipase than the bile duct±bile duct method, which may be associated with potential interference with the pancreatic ducts during cannulation of the distal bile duct.
Recently McCart hy and McGregor (1999) compared the cannula exteriorization method by tail cuff with the use of a jacket or harness. T he tail cuff method allows the animals greater freedom of movement within the cage. T his results in a decrease in stress for the animals and a speedier post-surgery recovery. In addition, handling of the animals is easier than with the jack et system . T he body weight gain for the animals after surgery is signi®cantly better with the tail cuff exteriorization method than with the jacket method. T his is believed to be due to the anim als' greater freedom of movement within the cage with the tail cuff system. However, when making comparisons between different system s, the familiarity of the workers with the different systems has to be tak en into consideration.
Post-surgical trauma, the in¯uence of anaesthesia on gastroint estinal motility and hepatic metabolism , and depletion of bile salts are some of the problems associated with bile collection. At Inveresk Research, the rat bile duct cannulation (BDC ) model has been developed over a number of years to re¯ect advanc es in postoperative care, animal welfare and re-infusion of bile salts to avoid bile salt depletion. T his consists of a dual cannulation system allowing the collection of bile and the re-infusion of bile or synthetic bile salts into the duodenum to mimic enterohepatic recirculation. Animals have one cannula inserted in the proximal bile duct and a second in the duodenum. Both cannulae are passed out of the abdom inal cavit y, tunnelled subcutaneously, and externalized via the tail. T his procedure has also been adapted to incorporate a third and possibly a fourth cannula in the fem oral or jugular vein, to allow dose administration by intravenous infusion (Cave e t a l. 1995), and=or to allow blood sample collection (Steffens 1969). T he authors now routinely use a custom-designed tail cuff, which can hold two or three cannulae. However a dual swivel is routinely used in preference to a triple swivel, as the limited rotati on of the triple swivel severely restricts the free movement of the animal and occasionally results in the entanglement of the femoral infusion line around the spring containing the bile duct and duodenal cannulae. T he data from a validat ion investigation were used to assess the feasibility of the surgical technique. Subsequent to the validation of the technique, a large number of studies have been conducted with this model and this paper presents a summary of these studies.
Material and methods
All studies are performed in compliance with the principles of Good Laboratory Practice (GLP), and procedures used follow the guidanc e given in EC Directive 91 =507=EEC . All regulated procedures carried out on the anim als are performed under licences authorized by the terms and condition of the UK Animals (Scienti®c Procedures) Act 1986, with strict adherence to project licence severity limits.
Expe rim e nta l a nim a ls
Male and female Sprague Dawley (CD 1 (SD)IG SBR) and Wistar rat s (Cro:WI(G lx=BRL=Han) IGS BR ) are routinely used, supplied by Charles River UK at 5±10 weeks of age, weighing approximately 170±275 g on arrival.
Anim a l fa c ility T he animal facility is a self-contained barrier building. Temperature is controlled at 20 2 C (immediately after surgery 24 2 C ), and relative humidity at 55 15% , with 15±20 air changes per hour. Prior to surgery the animals are housed in pairs in polypropylene cages with stainless steel grid tops and bottom s. Following surgical preparation the animals are placed in glass metabowls (Jencons Co., UK). T he lid of the glass metabowl is specially designed to allow the passage of the tether through the cage lid. At the end of each working day¯oors are cleaned with a disinfectant solution 0.5% (T EGO: 2000 T H. Goldsmith & Co. Ltd, UK). Before the arrival of the animals and on completion of each study the ceiling, walls and other surfaces within the animal rooms are washed with 5% Betadet (Bet a Medical Corp., UK).
Pelleted rat and mouse No. 1 expanded SQC diet, supplied by Special Diet Services, UK is provided a d li b itum . An analytic al certi®cate is supplied for each bat ch of diet used, and is checked for major nutritive components and signi®cant contaminants. T he anim als have access to domestic mains quality drinking water, which is supplied a d lib itum and is regularly monitored.
Surgic a l pro ce d ure s
T he animals are acclimatized for a minimum period of 6 days prior to surgery. Body weights are recorded prior to surgery and daily post-surgery until the day of dosing. T he anim als are premedicated with carprofen (Rimadyl, P®zer), 5 mg=kg subcutaneously, which is repeated approxim ately 24 h postsurgery. T he animals are then anaesthetized with iso¯urane in oxygen=nitrous oxide. Following anaesthetic induction each animal is removed to a sterile drape overlying a heated pad, and surgery is conducted using standard surgical aseptic techniques.
T he bile duct and duodenum are exposed via a standard midline laparotom y incision, and the common bile duct is ligat ed (Nurolon 1 metric, Ethicon, UK) about 1 to 1.5 cm below or distal to the union of the hepatic ducts. A second ligat ure is placed 0.5 cm above or proximal to the ®rst one and left untightened. T he bile duct is incised and cannulated with a polyurethene cannula. T he cannula (0.7 mm i.d., 1.0 mm o.d., Data Science International, USA), has a suture bead 1 cm from the tip and is modi®ed by being stretched under a stream of hot water then having a bevel created at the tip. Care must be tak en at this tim e to ensure the sterility of the cannula. T he cannula is then advanc ed without undue force for approximately 0.5 cm and tied in place, taking care not to overtighten the suture and thereby restrict the¯ow of bile (see Fig 2) . T he free end of the cannula is then tunnelled using a trochar to exit at the ventral tail approximately 20 mm from its base.
T he duodenum is cannulated approximately 1 cm proximal to the sphincter of Oddi. T he tip of this cannula, including the suture bead, is inserted into the duodenum and held in place with a purse-string suture (Mersilk 0.5 metric with BV-1 round needle, Ethicon, UK). T he duodenal cannula is then also tunnelled to the tail (see Fig 3) . T he abdom inal wall is then closed with Vicryl (1.5 metric, Ethicon, UK) and the skin sutured with Mersilk (1 metric, Ethicon, UK). Where required, the femoral vein is also cannulated and exteriorized at the same site.
A purpose-designed stainless steel tail cuff is then attac hed and held in place using a surgical wire suture (3.5 metric, Ethicon, USA). T he cannulae and tethers are then attac hed to a dual swivel (22 gauge, Instech Laboratories Inc., USA) above the cage. A polythene infusion line pre-®lled with saline is then attac hed to the top of the swivel, and bilē ow is encouraged by use of gravity. T he duodenal cannula is connected vi a the dual swivel to a polythene extension tube (Vygon, UK), also pre-®lled with sterile saline. T he femoral vein cannula (where used) is attac hed to a cannula connector (Peri®x screw connector, Braun Melsungen AG, Germany), locked with heparin (25 IU =ml) and then taped to the site of the tether (see Fig 4) .
On completion of surgery the animal is transferred to a Jencons glass metaboli sm bowl ®tted with a modi®ed cage lid (see Fig 5) . T he tether and swivel are connected to a swivel holder which is attac hed to the modi®ed cage lid. T he duodenal infusion cannula is connected from the top of the swivel to a 0.22 mm Micropore ®lter (Schleicher & Schuell Ltd, UK). T he ®lter is then connected to a 50 ml syringe and infusion pump (Perfusor R, Secura FT, Braun Medical Ltd, UK). 
Po st-surgic a l m o nito ring
Physiological saline is continuously infused into the duodenum at an infusion rate of 0.5 ml=h for at least 24 h post-surgery. After this period 0.05% arti ®cial bile salts solution (Sigma 8756, Sigma-Aldric h Co. Ltd, UK) in 0.9% saline is infused at 0.6 ml=h. Where a fem oral cannula is implanted, the heparin lock is¯ushed daily until the start of the study. Eac h animal is allowed a minimum recovery period of 5 days prior to going on study. During this period, body weight, urine volume and bile¯ow are measured daily (see Fig 6) .
Stud y d e sign
Prior to using this technique for regulatory studies, the method was validated in a pilot study by performing surgery on six rats using the above method. T hese anim als were allowed to recover for 7 days and during this tim e clinical observat ions were recorded daily. Blood samples were tak en on days 1, 3 and 6 for determination of the haematology and clinical chemistry parameters. Following successful validati on of the method a large number of studies have been conducted with either dual-or triplecannulated rats. After a 5-day recovery period the rats can be dosed. Fig 7 shows an exam ple of dosing by i.v. infusion for up to 2 h. Bile, urine and faeces are collected for up to 96 h post-dose in dry ice. T he animals are then humanely killed by exposure to CO 2 , and the carcasses and gastroint estinal tracts are retained for analysis.
Results
T he majority of animals were successfully cannulated, although there are occasional surgical failures. Once the animals have recovered from anaesthesia, which is generally within 15 min after completion of surgery, they show intense interest in the tail cuff. However this behaviour usually ceases within 2 h and then most rats show few or no signs of discom fort as a result of the surgery or presence of the tail cuff and tether. During the ®rst 2 days after surgery most anim als lose weight, after which they recover, and within 5 days after surgery most have regained or are close to their original body weight.
During the post-surgical recovery period food consumption is consistent with that of Sprague Dawley and Wistar rats of a similar age at this laboratory. T he haematology and clinical chemistry param eters measured in the pilot study were mostly similar to other control dat a for these stocks, although small rises in total white blood cell count, large unclassi®ed cells and platelets were noted at day 6. A number of clinical chemistry parameters slightly outside the normal limits reported for the laboratory were not considered to be signi®cant, given the general health of the animals. Liver-speci®c enzym e levels remained within normal limits.
Subsequent to the successful validat ion of the technique, more than 60 individual phases have been performed (dual and triple cannulations) for a variety of clients. At the tim e of writing, 426 rat s have been surgically prepared. Of these, 308 rats (72.3% ) anim als were successfully maintained for a minimum recovery period of 5 days and were avai lable for use on study (see Table 1 ). T he remaining rats were unsuitable due to complications that arose either during or after surgery, as discussed below.
Discussion
Varyi ng levels of success have been achieved from the various bile duct cannulation techniques which have previously been reported. However some reported results are based on relatively small numbers of anim als. In addition, in some cases the cannulae and equipment required for the exteriorizat ion were made in-house and were not commercially available. However the advantage of some techniques, such as that of Rath and Hutchison (1989 ) , is the normalizati on of bilē ow following surgery, prior to the collection phase.
T he procedure reported now combines aspects of the previously reported models together with the use of a tail cuff exteriorization method. T he method developed has proved to be highly successful and robust, although, in contrast to some other methods, it involves removal of the bile im mediately. However, as bile salts are infused during the entire collection period, depletion of bile salts does not occur.
By using a vascular cannula in addition to bile duct and duodenal cannulae, an intravenous infusion can be administered without having to warm or handle the animal. Retaining the animal in the metabowl also prevents the loss of urine and faeces and minimizes stress during intravenous infusion, by contrast with the use of a restraining device. It is also practical to insert a fourth cannula into the jugular vein for remote blood sampling, if required.
T he use of tail cuff exteriorizati on allows the study of dermal applicat ions, which is more problematic al when jack ets are used to protect the cannulae. T he use of tail cuffs also allows the rat more freedom of movement and an unrestricted abil ity to groom, by contrast with the use of a jacket, and was considered by McCart hy and McGregor (1999) to be a superior method of restraint of the anim als.
Materials used for the procedure are available off the shelf from manufac turers, although the tai l cuffs used by the authors were purpose-built to a de®ned speci®cat ion. Commercial availabi lity of equipm ent mak es set up for the technique fairly straightforward, and allows for high throughput if necessary.
Tabl e 1 shows that a consistent percentage of animals continue to be unsuitable for study despite re®nement of procedures over the years. T he main reasons for fai lure of the procedures described in this art icle are discussed below. It should be noted, however, that endpoints for individual anim als are strictly applied where surgery appears to have failed or where recovery is slow, and this early intervention may in fact result in a lower percentage success rate.
A drop in body weight is commonly noted post-surgery. T his has been minimized by appropriate anaesthetic and analgesic techniques. However it is clear that the surgical procedure has a debilit at ing effect on the animals.
Over the period of time during which the procedure has been conducted it has become apparent that smaller, lighter animals (less than 200 g at surgery) have a poorer success rate than heavier anim als. T his problem was especially evident where triple cannulations were performed. T his may be a physical effect of the size of the vessels being cannulated but it is not certain. In addition it may be that the loss of bile during the initial 24 h period postsurgery affects the smaller animals to a greater extent. What ever the cause, the authors therefore recommend using anim als which are at least 200 g in weight at the start of surgery.
A small percentage of technical surgical failures remains, and accounts for some of A number of factors also in¯uenced the success rate during the recovery period. T he incidence of failure due to interference by the anim als with the tether or cannulae can be minimized by appropriate ®xat ion of materials, but this will always remain a possibility. Also, swivels have occasionally becom e occluded due to precipitat ion of bile salts, and the bile duct or duodenal cannula have occasionally been found to have decannulated. Some animals gnaw at the abdom inal skin sutures, making repair impossible. T his was more common in the early development of this model.
In a number of the animals the bile stopped owing for no discernible reason. On some occasions bile¯ow noted during surgery did not continue once surgery was complete, and the anim al was no longer lying on its bac k. Such failures are therefore possibly associated with positional problems such as twisting or kinking of the bile duct postsurgery. Bile¯ow could also be affec ted during the 24 h period post-surgery when bile salts becam e depleted prior to the re-infusion of arti®cial bile salts.
In some cases, fai lure of bile to¯ow has been noted despite the correct placement of cannulae, and in some cases such fai lures have not been explained. In others the bile duct has been found at necropsy to be markedly dilated, suggesting an inabilit y of the bile to pass through the cannula. T his may be due to blockage of the cannula or the positioning of the cannula in the bile duct. Such issues are not always resolved at necropsy but it remains im portant to ensure that diagnostic pathology is undertak en in each case to try to establish the cause of the failure, so that re®nements can be implemented where appropriate.
Conclusion
It is considered that this method is a re®nement of previously reported techniques. Despite some acknowledged surgical and post-surgical complications it is considered that the method is less stressful for the animals, and this is re¯ected in the reliability and reproducibility of the data obtained. Although enterohepatic recirculation is not possible with a total bile collection method, it can be simulated by re-infusion of the bile if necessary for the aims of the study. T he success of the procedure is consistent over a large number of animals, although room remains for improvement in techniques.
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